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Host proteins, such as RNA-binding proteins, are involved in most steps of replication by positive-strand
RNA viruses, including Tomato bushy stunt virus (TBSV). In this issue of Cell Host & Microbe, Wang and
Nagy report that efficient replication of TBSV requires GAPDH, a host protein with glycolytic, RNA-binding,
and other functions. GAPDH binds TBSV ()RNA and promotes the normal excess of (+)RNA over ()RNA
products, possibly by selectively retaining ()RNA templates for copying.Positive-strand RNA viruses have small
(4–30 kb) genomes with limited coding
capacity and depend on numerous host
functions for completing their life cycles.
For several positive-strand RNA viruses,
genome-wide screens have identified
hundreds of host genes that promote virus
replication (Cherry et al., 2005; Kushner
et al., 2003; Panavas et al., 2005). For
a larger set of positive-strandRNAviruses,
biochemical and genetic approaches
have implicated numerous cell-encoded
RNA-binding proteins in many steps of
positive-strand RNA viral infection (Ahl-
quist et al., 2003; Randall et al., 2007).
One cell protein that binds multiple viral
RNAs is glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). First recognized
and named for its enzymatic role in glycol-
ysis, GAPDH also has distinct roles in
membrane fusion, apoptosis, microtubule
bundling, DNA replication and repair,
nuclear RNA export, and other processes
(Sirover, 1999). Through its N-terminal
nucleotide-binding domain, GAPDH also
binds cell RNAs and RNAs from a range
of diverse viruses. These include a nega-
tive-strand RNA virus, parainfluenza virus,
the reverse-transcribing hepatitis B virus,124 Cell Host & Microbe 3, March 2008 ª20and two highly distinct positive-strand
RNA viruses, hepatitis A and C viruses
(Petrik et al., 1999; Sirover, 1999; Yi
et al., 2000). GAPDH binds the hepatitis
A virus internal ribosome entry site to
downregulate translation (Yi et al., 2000),
while knockdown of GAPDH inhibits
hepatitis C virus RNA and virion produc-
tion (Randall et al., 2007).
In this issue of Cell Host & Microbe,
Wang and Nagy show that GAPDHmakes
critical contributions to RNA replication
by another positive-strand RNA virus, to-
mato bushy stunt virus (TBSV), which is
a plant virus that can also replicate in
yeast cells (Wang and Nagy, 2008). The
current results of Wang and Nagy show
that GAPDH is important for TBSV repli-
cation both in yeast and a natural plant
host.
Previously, Serva and Nagy (2006)
reported that the yeast GAPDH orthologs
Tdh2/3p were among proteins that cop-
urified with Tomato bushy stunt virus
(TBSV) RNA replicase complexes from
yeast. Since GAPDH proteins are highly
abundant in yeast as in other cells, it is
easy to imagine that this might be due
to contamination. However, Wang and08 Elsevier Inc.Nagy now show that, in yeast cells ex-
pressing TBSV RNA replication proteins
p33 and p92pol and replicating a TBSV
RNA derivative, Tdh2p/GAPDH partially
relocalizes from the cytoplasm to the
modified peroxisomal membranes that
serve as sites of TBSV RNA replication
(Figure 1). Moreover, in yeast cells with
Tdh2p deleted, Tdh3p depletion using
a doxycycline-repressible promoter in-
hibits in vivo TBSV RNA replication and
the in vitro activity of TBSV replicase
extracts in parallel. Similarly, in the plant
host Nicotiana benthamiana, replication
by TBSV and the closely related cucum-
ber necrosis virus (CNV) is strongly
inhibited when GAPDH expression is
knocked down by RNA interference. This
inhibition of TBSV and CNV is specific,
since the distantly related tobacco mo-
saic virus replicates to normal levels in
these plants after GAPDH knockdown.
How is GAPDH involved in TBSV repli-
cation? Interestingly, depleting GAPDH
preferentially inhibits the accumulation
of TBSV positive-strand RNA, with little
effect on negative-strand RNA. Moreover,
GAPDH selectively binds in vitro to TBSV
negative-strand RNA over positive-strand
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(+)RNA
(A) Outline of general features of TBSV genomic RNA replication. Viral positive-strand [(+)RNA] templates
are recruited into peroxisomal membrane-associated RNA replication complexes, which for tombusvi-
ruses are associated with virus-induced vesicular structures similar to those used as replication compart-
ments by some other positive-strand RNA viruses. A negative-strand [()RNA] intermediate is then syn-
thesized using the initiating genomic (+)RNA as template. This ()RNA intermediate is used as
a template to produce progeny (+)RNAs that are delivered to the cytoplasm for translation or encapsida-
tion. The key at the top shows symbols for TBSV (+)RNA, ()RNA, and TBSV-encoded replication factors
p33 and p92pol.
(B) Specific model for the observed effect of GAPDH in promoting strongly asymmetric synthesis of TBSV
(+)RNA over ()RNA. GAPDH binds a 30-proximal, AU-rich pentamer in TBSV ()RNA. This binding is pro-
posed to ensure selective retention of ()RNA in the replication complex for repeated reuse as a template
to produce more (+)RNA products, which migrate to the cytoplasm for later infection steps. GAPDH is la-
beled, and ‘‘X’’ serves as a marker for additional host factor(s) that may be involved, such as translational
elongation factor EF-1a (Wang and Nagy, 2008).RNA. In keeping with GAPDH interaction
with AU-rich sequences in other RNAs,
this binding depends on a 30-proximal
AUUUA (AU pentamer) in TBSV negative-
strand RNA. Deleting the AU pentamer
from negative-strand RNA preferentially
inhibits positive-strandRNAaccumulation
in vivo and in TBSV RNA replicase ex-
tracts, mimicking the effects of GAPDH
depletion. In assays with in vitro replicase
extracts, which are thought to reflect the
relative amount of positive- and nega-
tive-strand RNA templates in active repli-
case complexes, deleting the AU pen-
tamer or depleting GAPDH reduces the
excess of positive- to negative-strand
RNA from 20:1 to 1:1.
Based on these results, the authors
propose that GAPDH binding to the AU-
rich pentamer might promote positive-
strand RNA synthesis by selectively re-
taining negative-strand RNA templates in
the replication complex (Figure 1B). Neg-
ative-strand RNA templates would then
be reused to make more positive strands,
while positive-strand products would be
released for translation or encapsidation.
Alternatively or in addition, GAPDH bind-ing to negative-strand templates might
facilitate recognition of nearby promoter
elements for positive-strand RNA synthe-
sis, possibly by facilitating strand separa-
tion if negative strands are present in
largely dsRNA replicative intermediate
forms, as inferred for a number of other
positive-strand RNA viruses.
A number of intriguing questions remain
in connection with this work. For example,
as noted by the authors, how is GAPDH
recruited into TBSV RNA replication com-
plexes? GAPDH relocalizes to TBSV repli-
cation sites on peroxisomal membranes
when TBSV replication factors p33 and
p92pol are coexpressed with a suitable
RNA template, but not when p33 is
expressed alone. Which viral factor or
combination of factors directs GAPDH re-
localization has multiple implications for
GAPDHfunction inTBSV infection. Inaddi-
tion, is TBSV’s use of GAPDH in RNA rep-
lication related toanyof theother functions
of GAPDH? These additional functions in-
clude effects on membranes and apopto-
sis (Sirover, 1999), e.g., that could also
have important implications for viral infec-
tions. Similarly, do any common featuresCell Host & Micrconnect the useofGAPDHasa host factor
by many diverse viruses? Each of the
viruses noted above to depend onGAPDH
presently appear to utilize it for distinct
functions in RNA translation, replication,
nuclear export, etc. (Randall et al., 2007;
Sirover, 1999; Yi et al., 2000). Conversely,
do GAPDH-independent positive-strand
RNA viruses like tobacco mosaic virus
utilize other host factors to promote the
asymmetry of their RNA synthesis?
Emerging results from many virus sys-
tems underscore the crucial importance
of host functions for most if not all steps
of virus replication, and are revealing an
increasingly complex and subtle interplay
of viral and host functions in infection,
replication, and host defense. These lat-
est TBSV findings and similar advances
with other systems promise an accelerat-
ing view of this tapestry and its mecha-
nisms, with increasing implications for
controlling viruses and beneficially ex-
ploiting their remarkable capacities for
gene delivery and expression.
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